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COMPARATIVE  TESTS  OF  SIvIALL  LAMINATED 
AIID  SOLID  SPRUCE  BEAMS  FOR 
AEROPLANE  CONSTRUCTION. 


OBJECT-  In  taking  up  the  investigation  of  the  above,  the 
object  in  view  was  to  make  a  series  of  tests  of  small  wooden 
beams,  both  laminated  and  solid,  to  determine  a  working 
value  for  the  strength  of  the  spruce  in  small  sizes,  and 
also  to  determine  what,  if  any,  advantage  there  is  in  making 
such  beams  of  laminated  construction.   By  "laminated  beam" 
is  meant  in  this  case  a  beam  built  up  of  horizontal  layers 
of  wood  glued  together  to  form  a  unit  or  single  beam. 

As  to  the  working  strength  of  spruce  such  as  is 
used  in  aeroplane  construction,  very  little  reliable  data 
is  available,  especially  so  with  regard  to  the  transverse 
strength.   Most  of  the  tests  made  to  determine  such  figures 
have  been  made  with  specimens  of  large  size,  suitable  for 
use  in  ordinary  building  construction,  hence  such  specimens 
contain  knots,  shakes,  and  other  defects  such  as  occur  in 
the  ordinary  run  of  lumber.   The  aeroplane  is  such  a  highly 
specialized  structure,  one  in  which  unnecessary  weight  and 
size  of  parts  must  be  reduced  to  a  minimum,  that  the  low 
allowable  strength  such  as  determined  by  these  tests  on 
large  specimens  gives  too  much  weight.   As  the  beams  used  in 
an  aeroplane  are  all  of  small  section,  and  therefore  perfect 
wood  may  be  selected  for  them,  the  strength  of  the  small 
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specimens  must  be  determined  in  order  to  be  able  to  get  the 
benefit  of  the  full  strength  of  the  material.  This  is  the 
main  reason  for  undertaking  tests  on  small  specimens. 

Another  phase  of  the  design  of  aeroplanes  has  been 
the  use  of  a  laminated  construction  for  these  parts,  espe- 
cially in  the  places  where  a  curved  beam  is  to  be  used.  In 
this  manner  a  curved  beam  may  be  bent  in  a  form  and  the 
laminations  glued  up  while  in  the  form,  thus  preserving  the 
required  curve  after  the  drying  of  the  glue.   This  method 
makes  a  remarkably  stiff  beam,  and  one  which  is  readily 
built.   Beams  built  in  this  way  are  used  for  such  parts 
as  the  ribs  for  the  aeroplane  carrying  surfaces,  the  skids 
which  rub  on  the  ground  upon  landing,  the  laminated  pro- 
pellers, and  even  the  long  members  of  the  main  girder-like 
frame -work. 

The  writer  has  thought  it  would  be  of  value  to 
determine  whether  or  not  such  laminated  beams  are  stiffer, 
i.e.,  have  a  smaller  deflection  for  a  given  load  than  a 
beam  made  of  single  piece  of  wood  of  the  same  size. 
APPARATUS  -  A  schedule  of  the  tests  was  laid  out  and  it 
was  soon  seen  that  a  large  number  of  beams  would  have  to 
be  tested  in  order  to  get  representative  results.  This 
caused  the  writer  to  devise  an  instrument  for  autographically 
recording  the  results  of  the  tests  and  its  use  involved  a 
great  saving  both  of  time  and  labor  as  well  as  insuring  a 
uniformity  of  reliability  for  the  results.   The  instrument 
was  attached  to  the  10,000  pound  Olsen  Wire-Testing  Machine 
in  the  Mechanical  Laboratory  of  the  Armour  Institute  of 
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Technology  and  is  shown  in  the  photograph.  Fig.  1. 

It  consists  of  a  pair  of  bracket  plates  A, A 
with  connecting  rods  B,B  attached  by  tap  screws  to  the  bed 
of  the  testing  machine.   This  frame  carries  a  wooden  drum 
"C",  Z   inches  in  diameter,  mounted  on  conical  pivots  and 
capable  of  receiving  a  recording  paper  by  means  of  a  brass 
clip.   This  drum  has  a  recess  turned  in  its  surface  at 
one  end  to  take  a  cord  "D"  which  communicates  a  notion  of 
rotation  to  the  drum.   At  one  end  of  the  frame  of  the 
instrument  is 'a  set  of  stepped  change  gears.   The  upper 
set  "E"  receives  motion  from  a  gear  mounted  on  the  counter- 
shaft "F"  of  the  testing  machine  and  transmits  its  motion 
to  the  lower  set  mounted  on  the  axis  of  the  screw  "G". 
The  latter  carries  a  block  and  pencil  "H"  so  that  as  the 
screw  turns  it  carries  the  pencil  along  parallel  to  its 
axis.   The  motion  of  the  pencil,  it  will  be  seen,  is 
directly  proportional  to  the  rate  of  application  of  the 
load  on  the  specimen,  since  running  out  the  counterpoise 
"I"  on  the  beam  arm  also  runs  the  pencil  along  the  screw. 
This  motion  is  obtained  from  the  handwheel  "J"  which  runs 
the  counterweight. 

The  deflection  of  the  specimen  is  communicated 
to  the  drum  cord  "D"  by  pulleys,  hence  the  rotation  of  the 
drum  is  proportional  to  the  deflection.   Therefore,  the 
diagram  drawn  by  the  pencil  on  the  drum  will  be  a  "stress- 
strain"  diagram  if  the  counterpoise  is  carefully  managed, 
so  as  to  keep  the  beam  balanced  at  all  times. 

Fig.  3  shows  the  general  arrangement  of  the 


-4- 
apparatus.  A  steel  I-beam  "K"  was  laid  on  the  platform  of 
the  testing  machine  and  a  pair  of  the  supports  (  one  of 
which  ie  seen  at  "L")  were  spaced  36  inches  apart  on  the 
beam,  18  inches  each  side  of  the  center.  The  specimen  to 
be  tested  "K"  was  laid  upon  the  knife-edges  and  a  cast  iron 
block  "N"  placed  under  the  draw-head  "0"  of  the  testing 
machine  to  apply  the  load  to  the  specimen.   This  block  was 
in  the  form  of  a  half  cylinder,  the  flat  side  of  which  rested 
against  the  draw-head  and  its  axis  was  at  right  angles  to 
the  center  line  of  the  test  beam. 

The  drum  cord  "D"  was  attached  to  the  draw-head 
at  "P"  and  j^assed  over  a  pulley  "Q"  to  the  enlarging  motion 
pulley  "R" .  This  multiplied  the  deflection  about  two  and 
one  half  times,  thus  giving  a  large  rotation  of  the  drum 
and  consequently  a  longer  diagram. 

The  load  was  applied  by  hand  and  the  draw-head 
moved  down  at  a  uniform  rate  determined  by  giving  the  hand 
crank  which  operated  it  one  revolution  per  second  as  indicated 
by  a  metrononne. 

All  beams  were  tested  with  a  span  of  36  inches  and 
the  test  continued  until  the  specimen  failed.  The  diagrams 
given  by  the  recording  instrument  were  measured  and  having 
previously  determined  the  exact  values  of  one  inch  of  ordinate 
and  abscissa  the  results  were  converted  into  their  proper 
values.   The  change  gears  of  the  instrument  were  used  to  give 
a  higher  load  ordinate  on  the  diagram  for  the  smaller  sizes 
of  beam.   Each  gear  change  was  effected  by  the  sliding  key 
pin  "Z"  shown  in  Fig.  1  at  the  lower  set  of  gears  on  the 
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instriiment .  Each  set  of  gears  was  calibrated  and  its 
constant  determined. 
SCHEDULE  OF  TEST  BEAMS  - 

The  specimens  were  grouped  as  indicated  below. 
The  dimensions  here  given  are  nominal.  Exact  sizes  are 
given  later. 
Series  "A"  all  beams  2"  deep  X  li""  wide. 

1.  i"  laminations  - 

3  beams  -  a,  b,  c. 

2.  "u"  laminations  - 

3  beams  -  a,  b,  c. 

3.  solid  beams 

3  beams  -  a,  b,  c. 
Series  "E"  all  beams  have  ■5-"  laminations  and  are  Ig-"  wide. 

1.  3  laminations  -  3  beams  a,  b,  c. 

2.  5      "      -  3   "   a,  b,  c. 

3.  7      "      -  3   "   a,  b,  c. 

4.  solid  -  ^"  deep  -  equivalent  to  3-i"  laminatiais. 

2  beams  -  a,  b. 

5.  solid  -  li"  deep  -  equivalent  to  6-15:"  laminations. 

3  beams  a,  b,  c. 

6.  solid  -  1-^"  deep  -  equivalent  to  7  -  1^"  laminations. 

3  beams  a,  b,  c. 
Series  "C"  all  beams  l|-"  deep. 

I. Beams  having  3  -  -g"  laminations. 

1.  1-2"  v/ide,  3  beams  -  a,  b,  c. 

2.  2"  wide,  3   "   -  a,  b,  c. 

3.  2|"  wide,  3   "   -  a,  b,  c. 
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H.  Eeame  having  6  -  mt"  laminations. 

1.   li"  wide,  3  beams  -  a,  b,  c. 

3.   3"  wide,  3   "   -  a,  b,  c. 

3.   31"  wide,  3   "   ■-  a,  b. 

TTJ.  Beams  of  solid  section. 

1,   1^"  wide,  3  beams  -  a,  b,  c, 

3.   3"  wide,  3   "   -  a,  b,  c. 

3.   si"  wide,  3   "   -  a,  b,  c. 

CALCULATIONS  -  Calculations  are  all  based  on  the  two  principle 

formulae  in  the  mechanics  of  a  rectangular  solid  section  beam 

supported  at  the  ends  and  loaded  in  the  middle  by  a  single 

force.  These  are  -  (l)  Formula  for  bending  moment, 

(3)  Formula  for  deflection 

(1)  R  i.  =  -JPL. 
e      4 

where  "R"  Is  the  stress  in  pounds  per  sq.  in.  at  the  outer 
fibre  J "I" is  the  moment  of  inertia  of  the  section;  "e"  is  the 
distance  from  the  neutral  axis  to  the  outer  fibre  in  inches; 
"P"  is  the  load  in  pounds;  "1"  is  the  span  or  distance 
betv/een  knife-edges  in  inches. 

(3)  d  ._,   Pl^ 

48EI 

where  "d"  is  the  deflection  of  center  in  inches;  "P"  is  same 
as  above;  "E"  is  the  modulus  of  elasticity  in  pounds  per 
square  inch;  and  "I"  and  "1"  are  the  same  as  above. 

Sample  disgrams  drawn  by  the  "atress-strainograph" 
are  included  with  the  data  on  p.  I  G    and  the  system  of 
numbering  such  as  "Bla"  means  Series  "B",  sub-heading  1, 
specimen  a.   Measurements  of  the  ordinate  and  abscissa  at  the 


c 


-7- 
elastic  limit  and  at  the  maximum  were  made  as  indicated 
and  averaged  for  the  three  beams  of  approximately  the 
same  dimensions  in  each  group.  Moments  of  inertia  were 
calculated  and  averaged,  and  the  value  of  "E"  in  Formula 
(l)  was  calculated  both  for  the  elastic  limit  and  for 
the  maximum  condition. 

Solving  Formula  (2)  for  "E"  we  have 

^  -     48dl 
All  the  items  on  the  right  hand  side  are  known  for  the 
elastic  limit  and  the  value  for  "E"  was  calculated  in  each 
case  for  the  average  P,  d,  I  in  the  groups  of  a,  b,  c  beams, 
Page  \S  shows  the  results  of  the  average  calculations 

both  for  the  fibre  stress  at  elastic  limit  and  the  fibre 
stress  at  the  maximuiri  (Modulus  of  Rupture)  as  well  as  the 
Modulus  of  Elasticity. 

On  pages  IG-l^      are  shown  a  few  sample  records 
as  made  ly  the  recording  instrument.  These  show  the  nature 
of  the  work  done  by  this  instrument  as  well  as  the  way  in 
which  measurements  of  the  loads  and  deflections  were  taken. 
An  average  line  v;as  drawn  smoothing  out  irregularities  and 
the  measurements  taken  frorn  this  line.  The  irregularities 
in  the  line  as  drawn  by  the  instrument  are  due  to  the  lack 
of  sensitiveness  on  the  part  of  the  operator  in  keeping  the 
beam  of  the  machine  exactly  balanced.   If  care  is  taken, 
however,  during  this  operation,  the  average  line  drawn  through 
this  diagram  should  be  closely  representative  of  the  condition 
during  the  test. 
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CALIBRATION  DATA  - 

With  gear  ITo.l   -  1"   of   ordinate  =  163.4  lbs. 
n  nnS-inn  «  =    304.0    lbs. 

n  n         "    3    _   1"       n  "  =   540.0    lbs. 

Diairu    large  Pulley  on  Enlarging  gear  =  3.313" 
"  small  "        "  ""  "      =   1.375« 

"  cord  "  "  "     =  0.0625" 

Radius  to  center   of   cord  -  large  pulley  = 

3.313  -f-^—  =   3.344" 

Radius  tc  center  of  cord  -  small  pulley  = 

1.375  -f^^^  =  1.407" 

Ratio  of  Enlargement  for  drum  motion  = 

li244  _ 
1.407  "  '^*'^^° 

Kence  1"  abscissa  on  diagram  =  -1 -   0.4S1" 

3.375 

actual  deflection  of  test  specimen.    1"  abscissa  also 

represents  41.6  seconds  of  time  of  application  of  the  load. 

DISCUSSION  OF  RESULTS  -  It  will  be  beet  to  first  consider 

the  results  obtained  in  these  tests  in  comparison  with  those 

obtained  by  tests  of  full  size  specimens.    Lanza  in  his 

"Applied  Mscbanics"  beginning  at  p.  677  gives  a  long  series 

of  tests  on  large  beams  having  spans  of  from  10  to  30  feet  and 

having  a  cross-sectional  areas  of  from  20  to  70  or  miore 

square  inches.   He  recommends  from  these  tests  that  with  the 

usual  run  of  lumber  from  any  one  yard  a  modulus  of  rupture 

of  3000  pounds  per  square  inch  is  all  that  may  safely  be 

allowed;  with  selected  lumber  from  any  one  yard,  4000  pounds 
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per  square  inch;  with  carefully  selected  lumber  from 
several  yards  only  retaining  the  best,  5000  pounds  per 
square  inch.    The  value  of  the  modulus  of  elasticity 
was  about  1,330,000.  These  figures  on  the  usual  building 
lumber  are  much  lower  than  can  be  used  for  aeroplane 
designing  for  the  results  obtained  in  the  writer's  tests 
show  an  average  of  about  11,250  pounds  per  square  inch 
for  the  modulus  of  rupture  and  1,703,000  for  the  modulus 
of  elasticity. 

The  figures  taken  at  the  elastic  limit  show  an 
average  of  8450  for  the  modulus  of  rupture  and  even  this 
is  twice  as  high  as  that  used  in  ordinary  building 
construction.   Using  a  factor  of  safety  of  4  the  outside 
fibre  stress  could  be  allowed  as  high  as  3130  pounds  per 
square  inch. 

As  to  the  time  of  application  of  the  load,  it 
is  known  that  for  a  structure  which  is  loaded  continuously 
a  low  value  of  modulus  of  elasticity  should  be  used.  Lanza 
recommends  that  a  value  of  about  one  half  of  that  obtained 
by  short  time  tests  is  all  that  can  safely  be  used.    The 
usual  loading  of  aeroplane  framing  is  light,  and  the  heavy 
loads  come  on  suddenly  for  a  short  time,  therefore  it  would 
seem  that  the  maximum  value  can  be  used  -  or  in  other  words, 
that  obtained  by  short  time  tests. 

The  results  obtained  for  comparison  of  laminated 
and  solid  beams  show  no  great  advantage  in  favor  of  the 
laminated  construction  as  far  as  increased  stiffness  is 
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concerned.   In  fact  for  beams  having  a  depth  much  greater 
than  the  width,  the  modul'us  of  elasticity  was  less,  indicating 
that  solid  beams  are  stiffer  than  laminated  ones,  with  this 
relation  of  depth  to  v/idth.   This  is  illustrated  by  Series  "A" 
of  the  present  teste. 

The  results  of  this  series  also  indicate  that  a 
large  nun.ber  of  laminations  is  better  than  a  small  number. 
Beams  in  A2  showed  a  modulus  of  elasticity  10  percent  higher 
than  those  in  Al.   This  effect  resulted  from  the  larger 
number  of  laminations  in  the  case  of  the  beams  in  A3.   It 
was  shown  by  some  tests  not  recorded  here,  that  if  the  number 
of  laminations  was  increased  to  16  in  beams  of  the  same  size 
as  those  used  in  Series  "A",  that  the  longitudinal  shear  in 
the  glued  joints  caused  failure  before  the  full  strength  of 
the  wood  could  be  developed. 

Series  "B"  showed  that  beams  having  a  width  greater 
than  the  depth  were  stiffer  in  the  laminated  construction 
than  solid.    The  rem.arkably  high  modulus  of  elasticity  of 
the  laminated  beams  indicates  this  clearly.    This  series 
further  indicates  an  increase  in  modulus  of  elasticity  of 
about  10  percent  due  to  doubling  the  depth  of  the  beam  by 
adding  laminations  of  the  same  thickness.   The  laminated 
beams  in  this  series  average  about  35  to  4C  percent  stiffer 
than  the  solid  ones,  but  this  may  have  been  due  to  exception- 
ally good  quality  of  wood  in  the  laminated  ones.   No  indic- 
ations upon  examination  of  the  beams  were  present  to  show 
this,  however.   The  modulus  of  rupture  v/as  slightly  better 
for  the  laminated  beams  of  this  series  than  for  the  solid 
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ones. 

Series  "C"  indicates  nothing  remarkable  in  favor 
of  either  the  fiolid  or  the  laminated  beams. 

To  sum  up  the  above  it  might  be  stated  that  on  the 
whole,  a  straight  laminated  beam  is  not  a  decided  improvement 
over  the  solid  one  of  the  same  dimensions  from  the  point  of 
view  of  strength  or  stiffness.   At  least  such  is  the  result 
of  the  present  tests.    A   large  number  of  tests  are  required 
in  an  investigation  of  this  kind  and  it  may  be  that  on 
account  of  the  variability  of  wood  representative  figures 
can  not  be  obtained  on  as  few  tests  as  the  writer  has  carried 
out.    But  in  view  of  the  fact  that  the  aeroplane  frame  is 
made  only  of  the  best  grades  of  wood,  it  may  safely  be  designed 
on  some  such  basis  as  the  above  results  would  indicate.  The 
full  strength  of  the  lumber  in  small  perfect  specimens  is  the 
correct  basis  to  use  in  such  cases  and  it  seems  that  the  tests 
here  described  have  shown  that  a  modulus  of  rupture  of  11,250 
pounds  per  square  inch,  and  a  modulus  of  elasticity  of 
1, 70S, 000  pounds  per  square  inch,  may  be  considered  as  ultimate 
maximum  values.   The  factor  of  safety,  whatever  it  may  be 
taken,  will  divide  these  figures  to  obtain  the  working  values 
not  to  be  exceeded. 
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